An investigation of the temperature problem at the bone-acrylic cement interface of the total hip replacement. by DiPIsa, Joseph A.
Lehigh University
Lehigh Preserve
Theses and Dissertations
1-1-1975
An investigation of the temperature problem at the
bone-acrylic cement interface of the total hip
replacement.
Joseph A. DiPIsa
Follow this and additional works at: http://preserve.lehigh.edu/etd
Part of the Mechanical Engineering Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
DiPIsa, Joseph A., "An investigation of the temperature problem at the bone-acrylic cement interface of the total hip replacement."
(1975). Theses and Dissertations. Paper 1770.
AN INVESTIGATION OF THE TEMPERATURE PROBLEM 
AT THE BONE-ACRYLIC CEMENT INTERFACE 
OF THE TOTAL HIP REPLACEMENT 
by 
Joseph A. DiPIsa, Jr. 
A Thesis 
Presented to the Graduate Committee 
of Lehigh University 
in Candidacy for the Degree of 
Master of Science 
in 
Department of Mechanical Engineering- 
and Mechanics 
Lehigh University 
1975 
ProQuest Number: EP76042 
All rights reserved 
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted. 
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed, 
a note will indicate the deletion. 
uest 
ProQuest EP76042 
Published by ProQuest LLC (2015). Copyright of the Dissertation is held by the Author. 
All rights reserved. 
This work is protected against unauthorized copying under Title 17, United States Code 
Microform Edition © ProQuest LLC. 
ProQuest LLC. 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346 
CERTIFICATE OF APPROVAL 
This thesis is accepted and approved in partial ful- 
fillment of the requirements for the degree of Master of 
Science.       . . 
(date) 
Professor In Charge 
Chairman of Department 
ii 
ACKNOWLEDGEMENT 
The author sincerely thanks Dr. George C. Sih for 
his guidance and his constructive criticism of this 
thesis.  The author would also like to thank Dr. Arnold 
T. Berman of Hahnemann Medical College and Hospital for 
his valuable assistance, Mr. James Bunderla who helped 
in preparing the photographs, and Mrs. Barbara DeLazaro 
who helped type this manuscript. 
111 
TABLE OF CONTENTS 
Page 
TITLE PAGE i 
CERTIFICATE OF APPROVAL ii 
ACKNOWLEDGEMENT iii 
TABLE OF CONTENTS iv 
LIST OF TABLES vi 
LIST OF FIGURES vii 
ABSTRACT 1 
INTRODUCTION 2 
THE TOTAL HIP REPLACEMENT , 2 
HISTORY 3 
SURGICAL TECHNIQUE OF THE TOTAL HIP REPLACEMENT 
WITH PMMA BONE CEMENT 6 
FAILURES OF TOTAL HIP REPLACEMENTS WITH PMMA 8 
AN ENGINEERING ANALYSIS OF FIXATION WITH PMMA 10 
LOADING OF THE PROSTHETIC COMPONENT 10 
STRESSES AT THE BONE-CEMENT INTERFACE 10 
STRENGTH OF THE BONE-CEMENT BOND 11 
CHEMICAL DESCRIPTION OF PMMA 13 
POLYMERIZATION        . 14 
THE TROMMSDORF EFFECT 18 
COMMERCIALLY AVAILABLE CEMENTS 22 
MIXING THE CEMENT 23 
MONOMER LOSS 25 
PREPARATION OF BONE SURFACES 26 
iv 
TABLE OF CONTENTS (cont'd) 
Page 
INSERTION OF THE ACETABULAR COMPONENT 30 
ASEPTIC BONE RESORPTION DUE TO THERMAL NECROSIS - 
A POSSIBLE CAUSE FOR LATE LOOSENING OF THE 
ACETABULAR COMPONENT 32 
METHODS OF REDUCING THE MAXIMUM TEMPERATURE AT 
THE BONE-CEMENT INTERFACE 36 
OBJECTIVE 38 
APPARATUS 40 
PROCEDURE 44 
RESULTS 47 
DISCUSSION 48 
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER 
RESEARCH 53 
TABLES 54 
FIGURES 61 
REFERENCES 85 
VITA 90 
v 
LIST OF TABLES 
Table Page 
1 INDICATIONS FOR USE OF THE TOTAL HIP 
REPLACEMENT 54 
2 THE MECHANICAL PROPERTIES OF BONE 55 
3 THE MECHANICAL PROPERTIES OF ACRYLIC 
BONE CEMENT 56 
4 COMMERCIALLY AVAILABLE CEMENTS 57 
5 THERMAL CONDUCTIVITY AND SPECIFIC HEAT 
OF MATERIALS INVOLVED IN TESTS 58 
6 RESULTS OF TEST #1 59 
7 RESULTS OF TEST #2 60 
VI 
LIST OF FIGURES 
Figure Page 
1 THE HUMAN HIP JOINT 61 
2 THE TOTAL HIP REPLACEMENT 
(CHARNLEY-MULLER DESIGN) 62 
3 X-RAY OF A CHARNLEY-MULLER TOTAL 
HIP REPLACEMENT 63 
4 MECHANICAL INTERLOCKING OF PMMA 
WITH BONE 64 
5 FACTORS WHICH DETERMINE THE 
STRENGTH OF THE BOND BETWEEN 
CEMENT AND BONE 65 
6 MECHANISMS OF FRACTURE IN PMMA 66 
7 PACKAGED COMPONENTS OF SIMPLEX P 
PMMA BONE CEMENT 67 
8 MIXING BOWL AND SPATULA 68 
9 CORRONAL SECTIONS OF BONE UNDERLYING 
THE ACETABULAR CARTILAGE 69 
10 INSERTION TECHNIQUE 70 
11 TEMPERATURE VS TIME OF PMMA DURING 
ITS CURING PROCESS 71 
12 TEST SET UP 72 
13 DIAGRAM OF TEST SET UP 73 
14 GLASS INSERT %k 
15 GLASS INSERT DIMENSIONS 75 
16 HMWP ACETABULAR COMPONENT 76 
17 SIMULATED INSERTER 77 
18 POSITION OF THERMOCOUPLES 78 
19 CIRCUIT DIAGRAM FOR THERMOCOUPLES 79 
vii 
<*» 
LIST OF FIGURES (cont'd) 
Figure Page 
20 TEMPERATURE VS TIME OF THE SURFACE 
OF GLASS INSERT 80 
21 HEATING PROCESS OF PRECOOLED 
ACETABULAR COMPONENT 8l 
22 INTERFACE TEMPERATURE VS TIME 
(TEST #1 AND TEST #2) 82 
23 TEST SAMPLE SLICES 83 
24 COMPARISON OF THICKNESS OF SAMPLES 84 
VI11 
ABSTRACT 
The use of polymethyl methacrylate acrylic bone 
cement has had much success in total hip joint replace- 
ment.  However, complications still prevail in that 
loosening of the acetabular component often occurs at 
the bone-cement interface.  This undesirable feature is 
believed to be caused by thermal necrosis of the bone 
in contact with the high temperature of the polymerizing 
cement in situ.  This study deals with a method to re- 
duce the temperature of the bone-cement interface below 
(134°p) the temperature at which bone is permanently 
damaged.  By precooling the acetabular component before 
insertion into the cement, the temperature during poly- 
merization at a simulated bone-cement interface can be 
reduced from l60°P to 120°F with an increase' of only 
-  5H  minutes'in the cement's setting time.  These favor- 
able results obtained under in vitro conditions provide 
the necessary information for carrying on the in vivo 
studies. 
INTRODUCTION 
THE TOTAL HIP REPLACEMENT 
The human hip joint (Figure 1) is a critical weight 
bearing joint necessary for normal bipedal locomotion. 
This ball and socket joint experiences a maximum load of 
approximately three times body weight during normal walk- 
ing and the joint must endure approximately 2x10 load 
cycles per year [1].  In view of these severe conditions 
under which the joint must function, it can easily be 
realized why there is a high incidence of problems re- 
lated to the hip joint.  Once these problems have mani- 
fested themselves, the disorganization of the joint may 
cause severe pain which drastically reduces the mobil- 
ity of the patient.  Due to its recent success, the total 
prosthetic replacement of the hip has become an accepted 
method for treatment of many of these problems.  The 
basic design of the total hip'replacement involves re- 
placing the acetabulum by an artificial socket and re- 
placing the femoral head by a metal ball (Figure 2). 
Some of the Indications for use of the total hip re- 
placement are given in Table 1.  [2] 
HISTORY 
The idea of the total replacement of the hip is by 
no means new; it was conceived of in the last century. 
However, prior to 19^0, no successful attempts were re- 
ported.  A history of the early development of orthopedic 
devices for the hip can be found in [3]-  One important 
point that should be mentioned about the early designs 
is that a primary cause of failure was stress concentra- 
tions in the bone that was in contact with the weight 
bearing prosthesis.  These stress concentrations caused 
crushing of the bone in these areas, with subsequent 
loosening of the prosthesis, pain and loss of joint 
function. 
In 1951* Haboush interposed a "cold curing" dental 
acrylic, polymethylmethacrylate acrylic (PMMA) between 
the prostheses and the bone [4],  He found that a toler- 
able stress distribution was attained.  At nearly the 
same time, G. K. McKee developed a successful all metal 
total hip replacement [2].  Prom 1952 to 1957j extensive 
studies were made on the use of cold enuring dental acry- 
lic resins in orthopedic surgery [5].  In 1959s  John 
Charnley of England, an engineer who had become an 
orthopedic surgeon, anchored the femoral head prosthesis 
entirely by means of PMMA cement.  His work was done with 
the assistance of D. C. Smith of Turner Dental School, 
University of Manchester and marks the advent of suc- 
cessful implantations fixed entirely by use of PMMA [6]. 
In 19^03  McKee redesigned his total hip replacement 
utilizing PMMA for an improved stress distribution.  The 
percentage of patients with successful mobility increased 
from 5^ percent to 90 percent with the introduction of 
acrylic cement [2].  This replacement (with minor changes 
in design of its components) has come to be known as the 
McKee-Farrar total hip replacement, which is one of the 
most commonly used today.  In 1966, Charnley designed a 
new "low friction" total hip replacement.  He lowered the 
frictional torque of the design by utilizing high 
molecular weight polyethylene (HMWP) instead of metal as 
the material for the acetabular cup and by reducing the 
ball size of the femoral component [7]. 
Many variations of total hip replacement designs are 
presently available to the orthoepdic surgeon.  The most 
widely used designs seem to -be-the-Charnley design "*' 
(cobalt chromium alloy steel femoral component with HMWP 
socket) and the McKee-Farrar design (both components made 
of the high-strength alloy' steel).  Although both de- 
signs have experienced much success, they both have 
drawbacks.  Initially, these designs were thought to have 
frictional torques in operation well below that which 
would cause loosening due to failure of the bone [8]. 
However, a very recent paper shows that the torque at 
start up or "stiction friction" torque even in Charnley's 
"low friction" design is of sufficient magnitude to cause 
eventual fatigue failure of the bone [9 3.  Also, the 
Charnley design may suffer drawbacks due to excessive 
wear and creep rates of the HMWP [10].  Wear particles 
are of importance since they may be the stimulus for late 
infection and tissue reaction. 
Recently, a great deal of work has been done on the 
development of porous implant materials [11].  The pros- 
thetic components made of these porous materials would ■ 
present a site into which bone could eventually grow and 
form a firm and more permanent bond.  However, no  suc- 
cessful total hip replacement designs utilizing porous 
implants have been reported. 
The success of most of the presently used total hip 
replacement designs can be attributed to the use of PMMA. 
The advantage of using PMMA to secure the prosthetic 
components' to bone is not only'in' an improved distribu- 
tion of stress, but also in the simpler, faster and more 
exact placement of the prosthetic components [12]. 
SURGICAL TECHNIQUE OF THE TOTAL HIP REPLACEMENT WITH 
PMMA BONE CEMENT 
The surgical technique of the total replacement of 
the hip varies with different surgical teams.  Only the 
basics of the technique are discussed here.  Since this 
investigation deals specifically with the acetabular 
component, only the preparation of the acetabulum, the 
mixing of the cement and the insertion of the acetabular 
component of the replacement are discussed in connection 
with the strength of the bone and cement joint. 
The total hip replacement surgery begins with an 
eight-inch incision in the lateral aspect of the hip. 
The joint capsule is cut away exposing the femoral head 
and acetabulum.  The greater trochanter is divided with 
an osteotome, enabling the surgeon to easily dislocate 
the hip.  The femoral neck is divided about three-fourths 
of an inch above the lesser trochanter.  The acetabulum 
is reemed and the cement holes are drilled.  The cement 
is mixed and inserted and the acetabular cup is properly 
positioned.  Pressure is applied to the cement via the 
acetabular cup by means of a special inserter.  After the 
cement mass of the acetabulum is set, the femoral shaft 
is prepared for the insertion of the femoral component. 
Wires for the reattachment of the greater trochanter are 
put in place.  A trial prosthesis is inserted without 
cement to determine the size and alignment for proper 
muscle tension.  The cement is mixed and inserted into 
the femoral shaft followed by the femoral prosthesis. 
After the cement has set, the hip is relocated and the 
greater trochanter is wired back in place.  The wound is 
closed.  An X-ray of a total hip replacement which 
utilized this technique appears in Figure 3- 
FAILURES OF TOTAL HIP REPLACEMENTS WITH PMMA 
The use of PMMA does have its shortcomings.  Fail- 
ures are known to occur in total hip replacements fixed 
with PMMA.  These failures are primarily due to (1) sep- 
sis and ,(2) loosening of the acetabular component [8]. 
The problem of sepsis has been dealt with by im- 
proved sterile techniques, prophylactic drugs and the 
use of clean air, laminar flow operating rooms.  Some of 
these techniques were developed by John Charnley of 
England [3]- 
Loosening of the acetabular component persists as a 
problem.  This type of loosening is not the same as that 
occurring in total hip replacements implanted without 
cement where the high sheer levels tend to crush the bone. 
Loosening can be categorized into two types: (1) early 
loosening (immediately following surgery) and (2) late 
loosening (after some period of normal weight bearing). 
Early loosening is often caused by improper surgical 
technique with cement [8].  With greater emphasis on 
proper technique, this problem Is slowly being alleviated. 
The mechanism of late loosening at the bone-cement 
interface is more difficult to determine.  An understand- 
ing of the loosening mechanism involves a study of the 
variables that affect the mechanical integrity of the 
bone-cement joint.  The combined effect of these variables 
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on the mechanical strength of the joint is complex and 
is subject to investigation. 
AN ENGINEERING ANALYSIS OF FIXATION WITH PMMA 
An engineering analysis of the fixation of the 
acetabular component to bone with cement should include 
an analysis of (1) the nature of the loading of the 
prosthetic component, (2) the stresses developed at the 
bone-cement interface and (3) the strength of the joint 
at the bone-cement interface. 
LOADING OF THE PROSTHETIC COMPONENT 
The primary loading of the acetabular component in- 
volves (1) a compressive force developed due to muscle 
forces and body weight which is inclined medially at not 
more than 15 degrees from the vertical and Is typically 
about four to five times body weight for men and twice 
body weight for women [13, 14, 15, 8] and (2) a friction 
moment which varies with compressive force and is de- 
pendent upon the particular bearing design and the lu- 
bricant which is used during testing.  Typical values of 
the dynamic friction moment for the metal on polythelene 
designs are on the order of 10 in-lbf and for the metal 
on metal designs about HO   in-lbf [16].  However, start- 
up frictional torques are much higher [9]- 
STRESSES AT THE BONE-CEMENT INTERFACE 
Determination of stresses at the bone cement inter- 
face would be a difficult task indeed.  Localized shear 
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stress from the frictional moment would seem to be the 
most important stress to consider, since both bone and 
PMMA are weaker in shear than in compression [9, 17]. 
One study estimates that the shear stresses at the bone- 
cement interface are about forty times greater than 
those in bone surrounding the normal hip [9].  Very little 
is known about the stress distribution at the bone-cement 
interface.  This would definitely prove to be important 
in a stress analysis. 
STRENGTH OF. THE BONE-CEMENT BOND 
In order to understand the factors relating to the 
strength of the bone-cement joint, one must first under- 
stand how PMMA fixes itself to bone.  Polymethylmeth- 
acrylate bone cement is not an adhesive or glue, but is 
a cement or grouting agent.  The main difference between 
a glue and a cement is that in the case of glued sur- 
faces, the bond is a chemical one and exists on a sub- 
microscopic scale, whereas the cement bond is a mechanical 
one and exists on microscopic and macroscopic scales. 
This is also apparent in the fact that glues are normally 
used in thin films to chemically bond surfaces whereas 
cements are used in much larger quantities in order to 
mechanically interlock the surfaces.  PMMA's ability to 
fix prosthetic components to bone is derived from its 
ability to ooze into and harden within the existing in- 
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terstices and openings of the bone [18].  (Figure 4) 
The strength of the joint at the bone-cement inter- 
face is dependent upon (1) the mechanical properties of 
the cement. Table 2, (2) the mechanical properties of 
the bone, Table 3, and (3) the amount of cement which 
has infiltrated the bone crevices.  These three factors 
which determine the strength of the joint are, in turn, 
dependent upon the condition of the bone-cement system 
at the time of insertion of the prosthetic component. 
This can be controlled by (1) the chemistry of the cement, 
(2) mixing technique and physical characteristics of 
cement during setting,(3) preparation of the bone sur- 
faces, and (4) insertion technique, Figure 5- 
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CHEMICAL DESCRIPTION OF PMMA [19] 
"Acrylic" is a broad term used for polymers based upon 
H       H H       CH0 II II3 
acrylic  acid  C—C.     Hence,  methylmethacrylate  C—C  is 
II II 
HC=0 H   C = 0 
I I 
0 0 
I I 
H CH3 
an acrylic.  Polymethylmethacrylate is in a class of poly- 
mers known as "ethylenic" polymers which have an ethylene 
type monomer unit as their basis: 
H  H 
I   I 
Ethylene  C = C 
Monomer   |   | 
H  H 
In methylmethacrylate monomer, two of the hydrogens of 
ethylene are replaced.  One is replaced with a methyl group, 
the other with an ester: 
Methylmethacrylate 
Monomer 
H 
1 
CH0 
1    -J 1 
C = 
1 
1 
= C 
1 1 
H 
1 
C = 0 
1 1 
0 
1 1 
CH0 
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POLYMERIZATION [20] 
Polymerization of an "ethylenic" monomer involves bind- 
ing of the monomer units (mers) to themselves to form long 
chain polymers.  In order for the monomer units to bind to 
themselves, the carbon to carbon double bond must be opened. 
This opening of the double bond will only occur under cer- 
tain conditions of pressure, temperature, ultraviolet light 
or in the presence of high energy "free radicals."  Heat is 
used to produce commercially available optically clear poly- 
methylmethacrylate such as Plexiglass.  However, in a "self- 
curing" or "cold-curing" acrylic, no heat is applied.  The 
polymerization is initiated by free radicals produced by 
chemical reaction of a peroxide with a tertiary amine: 
//  V 
/ 
/ 
V 
Peroxide 
+ 
R 
N 
Tertiary Amine 
n 
2  /'  V-C S (1) 
2R 
Free Radicals 
These free radicals open the carbon to carbon double bond, 
producing a new combination which is itself a free radical 
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//    v // >-c   -h 
\ 
R* 
f 
C 
I 
H 
C.H. 
I 
C =0 
I 
0 
I 
CH, 
//    v 
CH. ?i     f -p 
-C-0—C -C • (2) 
H C =0 
I 
0 
I 
GH, 
This.process continues 
H CH 
I  I 
R— C — C • -|- n 
i  I 
H  C = 0 
: I 
0 
I 
CH, 
H  CH. 
I 
H C=0 
I 
0 
I 
CH„ 
H  CH 
I   I 3 
-C —G 
I   I 
H  C-0 
I 
0 
I 
CH, 
-L       UICAT  {-X\ i    ■ ii-nl   \ v»| 
n 
until termination occurs by either of two methods: (1) an 
opposing free radical is encountered terminating the chain. 
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H CH„ H CH, 
I   i 3  l    I 3 
R- C-C 
H  C=0 H C=0 
I I 
0 0 
I I 
CH CH 
H CH, 
I  I3 
c —c 
I    I 
H  C=0 
I 
0 
I 
CH_ 
(4) 
or (2) a chain transfer agent (retarder) X is encountered 
such that the (free electron) is transferred to the retarder 
H  CH, H  CH, 
I  | 3 I   I 3 
R— C — C —C — C - 
H  C=OH  C=0 
I       I 
0 
CH, 
0 
I 
CH. 
4-x 
-h x 
P -f X (5) 
p H- x 
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and the retarder then terminates the chain: 
P« + X- -»■ PX 
The number (n) of monomer units in a single polymer molecule 
varies from 500 to 1500. 
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THE TROMMSDORF EFFECT [21] 
The nature of the polymerization process is such 
that the polymerization rate increases sharply as the 
viscosity of the system surpasses a certain level.  This 
increase in polymerization rate is known as the Trommsdorf 
effect.  This phenomenon can be explained by the fact that 
as the viscosity of the mix increases, the rate of reac- 
tion (5) which terminates chains decreases.  This is due 
to the fact that the reaction is diffusion controlled; 
that is, the rate of reaction is dependent upon the rela- 
tive ease with which the reactants can move about and 
position themselves so that bonding can actually occur. 
The rate of reaction (3) in which single monomer units 
combine with growing chains is also diffusion controlled. 
The relative ease with which the reactants can move about 
is dependent upon the relative size of the reactant 
molecules.  But the increased viscosity decreases the 
growth rate of chains (reaction (3)) far less than it de- 
creases the rate of termination of chains (reaction (5))- 
This is due to the smaller size and greater mobility of 
the monomer units in reaction (3) as compared to the 
larger size and decreased mobility of the opposing free 
radical chains in reaction (5)•  The result is less poly- 
mer radicals terminated and therefore a greater concen- 
tration of free radicals leading to an increase in the 
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polymerization rate.  The increased polymerization rate 
is accompanied by a tremendous increase in the rate of 
heat production which further accelerates the polymeri- 
zation process. 
The hardened cement is a biphasic material consist- 
ing of polymer granules in a matrix of newly polymerized 
monomer.  With the use of the scanning electron micro- 
scope, it has been shown that entrapped gases also exist 
within the cement, giving it a porous structure [22]. 
These entrapped gases are believed to be entrapped air 
or vaporized monomer.  The air may originate from dis- 
solved air in the liquid monomer or from aeration during 
mixing.  The monomer vapor may arise from free monomer in 
the mix which has been heated to its vaporization temper- 
ature (100°C) during the exothermic polymerization of 
the cement. 
PMMA has a wide distribution of molecular weights. 
Molecular weight (chain length) is dependent upon the 
kinetics of the chemical reaction.  It seems that auto- 
acceleration (the Trommsdorf Effect) is responsible for 
high molecular weights (longer chain lengths) in the 
newly polymerized matrix.  Much lower molecular weights 
are reported for the interspersed powder component 
granules [233. 
The mechanical strength of the polymer is directly 
proportional to molecular weight [24].  Therefore, if the 
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autoacceleration effects are chemically removed, the de- 
gree of polymerization will decrease thereby decreasing 
the mechanical strength.  Also, changing the powder to 
liquid ratio could effectively shift the distribution of 
molecular weight and therefore may also change the mech- 
anical strength. 
The polymerization rate may also affect the amount 
of imperfections or defects in the polymer and hence its 
strength.  These defects may occur (1) in the matrix 
alone, (2) at the boundary between the matrix and the 
granules or (3) through the granules, Figure 6.  Ex- 
perimental evidence indicates that in cements cured with 
higher polymerization rates fracture occurs by inter- 
granular (type (2)) mechanism and has a lower strength 
than cements cured with slower polymerization rates and 
having transgranular (type (1)) mechanics for fracture. 
This is attributed to the fact that in the cement with 
the higher rate of polymerization the monomer has insuf- 
ficient time to diffuse into the polymer granules and es- 
tablish as strong a chemical bond between the matrix and 
these granules [24]. 
However, even more important to the strength of the 
cement than molecular weight or fracture mechanism is the 
amount of defects and inhomogeneties in the cement such 
as porosity and blood content.  Defects influence tensile 
and shear strengths to a much greater degree than com- 
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pressive strength because in compression the pores tend 
to close while in tension the pores are easily opened 
[23]- 
It seems likely that the amount of porosity is af- 
fected by the amount of free monomer in the mix, the 
amount of pressure applied and the amount of heat gener- 
ated at the time of polymerization.  The powder to liquid 
ratio will affect the amount of free monomer and the heat 
of polymerization and therefore the amount of porosity 
of the hardened cement. 
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COMMERCIALLY AVAILABLE CEMENTS 
Self-curing acrylic cements have been commercially 
available in a number of forms, some of which appear in 
Table 4.  The Food and Drug Administration has approved 
only Simplex P for use in orthopedic surgery in the 
United States.  The chemical and physical description of 
PMMA given is typical, but composition and physical 
characteristics may vary from one manufacturer to another 
and possibly from one batch to another of the same manu- 
facturer. 
Simplex P (radiopaque) was used in this investiga- 
tion and consists of premeasured powder and liquid com- 
ponents, Figure 7,  which are mixed together in the oper- 
ating room.  The powder mainly consists of granulated 
polymethylmethacrylate and copolymer of methylmeth- 
acrylate-styrene with dibenzoyle peroxide (the peroxide 
catalyst), tertiary dodecyl mercaptan (a chain transfer 
agent which terminates long chain formation) and barium 
sulfate (in radiopaque cement).  The liquid consists 
mainly of methylmethacrylate monomer with N-N-dimethyl- 
paratoluidine (the tertiary amine) and hydroquinone (an 
inhibitor to prevent premature polymerization on the 
shelf). 
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MIXING THE CEMENT 
Acrylic cement is mixed in the operating room just 
prior to the insertion of each prosthetic component. 
Mixing is done in stainless steel mixing bowls with or- 
dinary stainless steel dessert spoons.  In this investi- 
gation, the dessert spoons were replaced by flat spatulas 
for easier removal of cement, Figure 8.  Results have shown 
that metal flaking occurs during mixing with all metal 
spoons and bowls.  These metal flakes may set up an 
added electrolytic effect in the body.  For this reason, 
many surgeons are now using teflon coated bowls and 
spoons [25].  It is important that the bowls and spoons 
are at room temperature at time of mixing and not hot 
from recent autoclaving. ; 
It would be convenient to have a timed schedule for 
mixing and insertion of the cement, but the rate of the 
polymerization process varies greatly with room tempera- 
ture, lighting condition, handling and chemistry of the 
cement.  For this reason, a timer is used merely as an 
indicator to let the surgeon know approximately when cer- 
tain consistency changes in the cement should occur. The 
surgeon bases his mixing and insertion technique on phys- 
ical characteristics of the cement, not on a strict tim- 
ing from the clock. 
The full dose of liquid is added all at once to the 
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powder in the mixing bowl.  Time is measured from when 
the liquid monomer first contacts the powder.  The cement,. 
is mixed thoroughly for approximately two minutes.  Dur- 
ing the last half minute of mixing, maximum aeration of 
the mixture is encouraged in order to permit the evapora- 
tion of toxic monomer from the mixture.  When the mix 
becomes stringy and develops hairs upon pulling the 
spatula from the mix, it is ready to be gathered up.  The 
mix is gathered up and handed to the surgeon who forms a 
shape convenient for insertion.   In the case of the 
acetabular component, a ball of cement is flattened into 
a disk about two and one-half inches in diameter and 
three-eighths inch to one-half inch in thickness.  The 
surgeon then pauses to permit further evaporation of 
monomer and to let the cement attain a viscosity suffi- 
cient for pressure injection into the bone.  A wrinkled 
skin develops on the cement mass at about three and one- 
half minutes which indicates that the cement is ready for 
insertion. 
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MONOMER LOSS 
It has been shown that the maximum monomer vapor 
loss takes place during the mixing period and is due to 
increased surface exposure of the resin.  After mixing, 
the monomer loss takes two and one-half to three minutes 
to attain a steady level which is maintained until poly- 
merization.  No increase in monomer loss is observed 
during polymerization [26]. 
At one time monomer loss was thought to be a major 
concern with the usage of PMMA bone cement because of 
the toxicity of the monomer and the monomer's ability to 
cause a lowering of blood pressure (hypotension) just 
after insertion of the cement mass.  Extensive work has 
been done on the effects of monomer in the body [27, 
28].  Most studies seem to indicate that the amount of 
monomer release in situ is insufficient to cause any 
harmful effects.  However, precautionary measures are 
taken to insure that no catastrophic results occur. 
These measures include pausing for evaporation of monomer 
before insertion and compensation for a possible blood 
pressure drop by administering blood to the patient prior 
to the insertion of the cement into the body. 
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PREPARATION OF BONE SURFACE 
The technique for preparation of the acetabulum for 
insertion of the acetabular component varies, but cer- 
tain objectives are kept in mind no matter what the de- 
tails of the preparation may be.  These objectives are: 
(1) to produce a rough surface to which the cement 
may adhere by mechanical interdigitation 
(2) to produce a dry bone surface for the cement be- 
cause blood and fluids will not only cause in- 
homogeneity in the cement, but may also prevent 
injection of the cement into the rough surface 
(3) to reem the acetabulum deep enough for proper 
medial placement of the polyethylene socket, 
but not so deep as to (a) cause failure of the 
underlying bone (at least 5 mm should remain) 
or (b) cause an excessive volume of cement to 
fill this cavity. 
In some procedures, a pilot hole is drilled in the 
center of the acetabulum and acts to (1) properly posi- 
tion the reemer, (2) monitor the thickness of the carti- 
lage and underlying bone during the reeming operation, 
(3) provide an additional interdigitation of cement and 
bone.  The pilot hole is later filled with a metal mesh 
cement restrictor to prevent the cement from entering 
the body cavity.  This might cause thermal necrosis of 
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soft tissues or provide a pathway for the spread of pos- 
sible infection.  It is generally agreed that reeming 
the acetabulum should involve complete removal of the 
joint cartilage [8].  The bone underlying the cartilage 
is made up of a layer of cortical bone followed by can- 
cellous bone and finally the cortical layer*, Figure 9- 
The amount of bone which should be reemed away is still 
not well defined and seems to be more a function of po- 
sitioning of the socket rather than of characteristics 
of the resulting bone surface for strength of cement 
bonding.  When Charnley first utilized cement to fix the 
femoral prosthesis—a layer of cancellous bone was re- 
tained: 
(1) to achieve better mechanical interdigitation of 
cement in the more porous cancellous bone and 
(2) to transmit the load from the stiff metal 
through the cement to the stiff cortical bone of 
the femur without relative motion taking place 
at the interfaces.  With the cancellous layer 
retained, a gradation of elastic moduli ~is set 
up and most of the elastic deformation occurs in 
the less stiff cancellous layer [18]. 
The mechanical situation is different in the acetab- 
ulum because the mode of loading is different and the 
acetabular component of the Charnley design is made of 
polyethylene rather than stiff steel.  It is important to 
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at least realize the differences in using a layer of can- 
cellous bone versus cortical bone for mechanical fixation 
of the cement.  These are: 
(1) Cancellous bone is more porous than cortical 
bone and will accept the cement more readily. 
(2) Cancellous bone has a more extensive blood sup- 
ply and therefore a greater metabolic turnover. 
This would affect healing and new bone in- 
growth rates as well as the amount of liquid in 
the bone crevices which would affect infusion 
of cement. 
(3) Cancellous bone has different mechanical prop- 
erties than cortical bone.  Energy absorption 
characteristics are important here because the 
bone underlying the cartilage is the major 
shock absorber of a joint.  In the normal joints 
energy absorption is achieved by elastic deflec- 
tion and microfracture of bone with very little3 
if any, viscous effects (loss tangent of bone 
-   .01 [29]-  Fatigue properties are also impor- 
tant.  The two types of bone have different 
energy absorptive and fatigue properties.  Also, 
the introduction of cement into the crevices of 
the bone will have a great effect on these prop- 
erties . 
(4) Cancellous bone has different heat dissipative 
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properties than cortical bone.  Heat dissipa- 
tion is dependent to a great extent on the 
amount of water content of the tissue and. the 
amount of functional vasculature. 
A gouge is sometimes used to roughen the hard 
eburnated bone in osteoarthritic cases.  The cancellaus 
bone structure should be free of debris. 
Drill holes are made with a three-eighths inch drill 
in the ilium, the ischium and the pubis bones of the 
acetabulum.  The depth of the holes varies, but should 
be about one to two centimeters.  The holes are undercut 
with a curette so that a dumbbell-shaped end is ob- 
tained which further enhances the cement bond to bone. 
The holes should be free of clot and debris.  The reemed 
acetabulum is filled with a thrombin-soaked sponge which 
serves to prevent excessive bleeding. 
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INSERTION OF THE ACETABULAR COMPONENT 
When the methacrylate has formed a "skin" and is 
ready to be inserted, the thrombin soaked gauze is re- 
moved from the acetabular cavity.  The cement restrictor 
is placed in the pilot hole.  The cement mass is packed 
into .the drill holes and pilot hole. 
The rest of the cement is placed in the cavity.  The 
polyethelene socket is positioned with the aid of the 
special inserter which aids in proper alignment.  The 
socket is at the proper angle when the arm of the insert- 
er is at right angles to the long axis of the body (Fig- 
ure 10. 
At this point, pressure is applied to the acetabular 
cup through the inserter.  Charnley emphasizes the im- 
portance of a layer of cement remaining between the 
socket and the underlying bone.  The viscosity of the 
cement at this point is such that the cement will flow 
into the rough surface of the bone.  Excess cement is 
trimmed before the cement hardens.  Pressure is main- 
tained until the cement hardens.  This occurs approxi- 
mately 7 minutes after initiation of mixing. 
The amount of pressure which is applied to the cement 
during the insertion of the socket will have some effect 
on the degree, of polymerization (molecular weight), the 
amount of porosity developed in the cement and the amount 
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of cement which enters the bone crevices, all of which 
can potentially change the strength of the bone cement. 
The pressures which are attainable in situ are small com- 
pared to commercial curing processes and will not sig- 
nificantly change the molecular weight [23].  Strength 
changes have been seen to occur with small pressure 
changes [30].  But the tests may have been misleading be- 
cause of failure to mix the cement thoroughly causing 
excessive free monomer in the mix which vaporized in 
preheated molds.  This produced a grossly porous cement 
which is much more sensitive to change in pressure.  Con- 
trolled porosity on the surface of the cement is desir- 
able as it would present a site for bone tissue in- 
growth.  However, with proper mixing technique, no such 
porosity develops. 
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ASEPTIC BONE RESORPTION DUE TO THERMAL NECROSIS - A 
POSSIBLE CAUSE FOR LATE LOOSENING OF THE ACETABULAR 
COMPONENT 
Histological studies show that intimate mechanical 
contact of bone and cement is only temporary [18]-  The 
bone in contact with cement is dead due to thermal de- 
struction caused by the tremendous amount of heat (about 
2,400 calories [17] given off by the exothermic poly- 
merization of the cement.  Bone resorption of this dead 
layer occurs and this dead bone is replaced by a thin 
layer of fibrocartilage.  Eventually, new bone may grow 
into this layer, but this takes years.  In the interim, 
loosening of the prosthesis seems to occur and may be at- 
tributed to the less than adequate joint between cement, 
fibrocartilage and bone [8].  If the bone were not de- 
stroyed, the mechanical contact of the bone to cement 
would be retained and it seems likely that the mechanical 
integrity of the cement-bone joint may endure.  This 
loosening phenomenon occurs more often In the socket than 
the femoral prosthesis in part because the femoral pros- 
thesis seems to act as a heat sink for the heat of poly- 
merization of the cement. 
The problem then becomes one of reducing the tempera- 
ture of the bone-cement interface such that no thermal 
damage to the bone tissue occurs.  Irreversible protein 
32 
damage to tissue ls known to occur at 56°C (133°F)[31]. 
The temperature of the polymerizing mass has been in- 
vestigated by a number of authors [19, 20, 32, 33]. 
The values of maximum temperature obtained vary because 
of the strong dependence of temperature on the condi- 
tions of the polymerizing cement and positioning of ther- 
mocouples in cement.  Center temperatures (> 100°C) are 
considerably higher than surface temperatures (50°-70°C)> 
but both are dependent upon: 
(1) the thickness (mass) of the cement 
(2) the chemistry of the cement (powder to liquid 
ratio) 
(3) the thermal conditions of the cement's bound- 
aries (especially ambient temperature, handling 
and lighting). 
Meyer, et al. [19] investigated the effect of these 
parameters on the setting properties of the cement.  The 
setting properties of the cement include not only the 
temperature, but also the characteristics relating to 
the amount of time the surgeon can spend manipulating the 
cement and the total amount of time the cement will take 
to harden.  A few terms describing these characteristics 
of the polymerization process were defined in [19]; 
refer to Figure 11: 
(1) dough  time - "the time when the cement failed 
to stick to a surgically gloved probing finger" 
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(2) setting time - "arbitrarily taken as the time 
when the exothermic temperature rise was at a 
point half-way between the maximum temperature 
attained and ambient temperature and the cement 
would no longer plastically deform under hand 
pressure and would fracture when struck with an 
osteotome" 
(3) working time - "the interval between the dough 
and setting time" 
The temperature versus time plot of Figure 11 is typical 
for the cement showing the steep rise in temperature as 
the cement hardens.  The results of Meyer et al. [19] 
showed that: 
(1) Maximum temperature and setting time increased 
with increasing thickness. 
(2) As the powder to liquid ratio decreased, the 
maximum temperature, setting time and dough 
times increased with no  significant change in 
working time. 
(3) As ambient temperature increased, maximum 
temperature increased, but dough time, working 
time and setting time decreased. 
Although these results were from a single sample of 
cement, they are consistent with more recent findings 
based not only on Simplex P but also on  other self-curing 
acrylics [20]. 
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In vivo tests of temperature at the bone-cement in- 
terface of the acetabular component of the total hip 
replacement were also performed in [19]-  A hypodermic 
thermistor probe measured the maximum temperature at 
this interface to be 70°C. 
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METHODS OF REDUCING THE MAXIMUM TEMPERATURE AT THE BONE- 
CEMENT INTERFACE 
In dealing with the problem of lowering the maximum 
temperature, one must realize that the amount of heat 
produced by the polymer (represented by the area under 
the temperature versus time plot) is fixed.  The maximum 
temperature will therefore depend upon the rate at which 
heat evolves and dissipates from the polymer.  The lower 
the polymerization rate, the lower the maximum tempera- 
ture will be.  But this is accompanied by a longer set- 
ting time.  One can see that there will have to be a 
trade-off of the quick curing character of the cement 
for a lowering of the maximum temperature.  How much of 
a trade-off will depend upon the method used to lower 
the temperature. 
There are three main ways of lowering the maximum 
temperature [21]: 
(1) By reducing the rate of heat evolution of the 
cement, 
(2) By increasing the thermal heat capacity of the 
cement by adding some substance that will store 
the heat of polymerization for slower dissipation 
to the bone, 
(3) By dissipating the heat by setting up a thermal 
gradient which will cause most of the heat to 
follow a path away from the bone (a heat sink). 
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Reducing the rate of heat evolution involves reduc- 
ing the polymerization rate and therefore reducing the 
Trommsdorf effect or "gel" effect.  Chemical methods of 
reducing the Trommsdorf effect have been developed and 
have shown to significantly lower the maximum tempera- 
ture.  These methods involve use of copolymerization or 
retardation.  Each of these methods has a different 
effect on the kinetics of the polymerization [21]. 
Thermal heat capacity of the cement can be increased 
by adding titanium oxide, stainless steel or carbon 
powder to the mixture.  Reduction of the maximum tem- 
perature has been reported by this method [33]• 
Dissipating the heat of polymerization by a heat 
sink has also been attempted.  Ringers solution is used 
in some surgical techniques to cool the cement during 
polymerization.  Ohnsonge [3*0 reported a reduction in 
the temperature peak in the femur by precooling the 
femoral prosthesis.  Some surgeons have tried cooling 
the cement powder and liquid prior to mixing. 
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OBJECTIVE 
Initially, two objectives were set for the study. 
They were: 
(1) To reduce the maximum temperature at the bone- 
cement interface of the acetabular component to 
a temperature which would cause no thermal 
damage to the tissue yet still retain the 
cement's "snap curing" property.  In particular, 
the maximum temperature of the cement was to be 
reduced below 56°C (133°P) and the setting time 
of the cement was not to exceed 15 minutes. 
Methods of producing a heat sink were to be in- 
vestigated in a laboratory apparatus which was 
to simulate body conditions.  The objective is 
to obtain "ball park" figures for temperatures 
at the bone-cement interface to justify pursuing 
further in vivo studies with the method. 
(2) To investigate methods of producing controlled 
porosity on the surface of the cement by con- 
trolling the thermodynamic conditions and geom- 
etry of the cement during insertion.  Pore size 
in such porosity should be large enough for 
bone in-growth (> 200y), [35]s yet not so large 
as to diminish the cement's mechanical proper- 
ties . 
It was established at the outset of testing that the 
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first objective was of primary interest.  During the pre- 
liminary test3 no porosity phenomenon occurred when the 
recommended amount of mixing of the cement was employed. 
This brought about a series of tests to determine what 
actually caused this porosity in previous tests [30]. 
The porosoity was found to be purely artifactual and 
dependent upon the improper technique.  For this,reason 
and the fact that the laboratory apparatus did not ade- 
quately simulate the conditions (blood and body fluids, 
surface roughness) for tests on porosity, the second ob- 
jective was abandoned. 
39 
APPARATUS 
A special laboratory apparatus was designed to model 
the equipment used in the surgical procedure for inser- 
tion of the acetabular component of the hip replacement. 
The materials used and the basic design of the apparatus 
were made to model (within reason) the thermal properties 
and geometric configurations of those involved in the 
actual operation.  Some general comments on the reasons 
for the particular design configuration seen in Figure 
12 and Figure 13 are given below. 
Plexiglass was used in the construction of the main 
portion of the structure which modeled the bone element 
because (1) optical clarity could be maintained for ob- 
serving surface porosity during the curing of the PMMA, 
and (2) Plexiglass, like bone, has a very low thermal 
conductivityj Table 5- 
The PMMA adhered to Plexiglass.  Therefore, a glass 
insert, Figure 14, was made from the bottom of a large 
Pyrex test tube.  The dimensions of the glass insert 
(which was nearly a true hemisphere) are given in Figure 
153 and approximated the maximum dimensions which a 
reamed out acetabulum might have.  The glass, also main- 
tained optical clarity for observing surface porosity. 
Directly below and in contact with the Plexiglass 
structure was a water bath which was maintained at a 
temperature (- 101°F) sufficient to produce body temper- 
ko 
ature (= 98.6°F) on the inside surface of the glass in- 
sert.  A layer of water continuous with the water bath 
was interposed between the Plexiglass and the glass in- 
sert by use of felt spacers on the outer surface of the 
glass insert.  This layer of water aided in the modeling 
of the bone's thermal properties because bone (especially 
cancellous bone) has some water content.  The felt spac- 
ers also acted to cushion the irregularities of the sur- 
faces to prevent fracture of the brittle glass if large 
pressures were applied to the cement. 
The acetabular component was modeled with a machined 
piece of high density polyethylene.  The ridges which 
normally occur on the outer diameter of the cup were not 
machined in, thereby facilitating the removal of the 
polyethylene from the PMMA after each test.  The internal 
radius of the acetabular component was difficult to 
machine.  Therefore, the inserter-acetabular component 
junction was modeled by a threaded connection.  This 
acetabulum shattered due to repeated thermal shock mid- 
way through testing.  It was replaced by an actual 
acetabular component, Figure l6. 
Removal of the polyethelene socket from the cement 
thereafter entailed splitting the cement mass in half with 
a chisel and then.gluing the pieces back together for 
slicing to obtain thickness measurements.  The water bath 
assembly, Figure 13, was suspended in a loading frame 
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such that a known load could be applied to the socket 
through the simulated inserter, Figure 17, by putting a 
known amount of "weight on the crosshead.  The crosshead 
alone produced a load of five and one-half pounds on the 
inserter.  However, the only variable which was to be 
changed was the temperature of the acetabular component. 
Pressure and volume of the cement were to remain con- 
stant.  Unlike the prepared bone surface, the glass insert 
has a rather smooth inner surface with no drill holes and 
any appreciable loads applied to the inserter caused the 
cement to flow out from under the socket with subsequent 
impingement of the socket on the glass insert.  To assure 
a uniform and repeatable thickness of cement, a "stop" 
was attached to one of the frame's supports' to prevent 
the crosshead from moving beyond a specified point.  This 
"stop" proved to be the major shortcoming of the apparatus 
The "stop" prevented the cement from undergoing pressures 
which it would normally experience clinically. 
ANSI Type J Iron-Constantan thermocouples were 
mounted to the acetabular component and to the inside of 
the glass insert, Figure 18.  Silicone cement was used to 
mount the thermocouples.  This cement did not stick to 
the surface for more than three or four tests.  Care was 
taken to insure that the same amount and shape of this 
silicone cement layer was used each time the silicone 
cement was replaced.  The placement of the thermocouple 
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within the silicone cement was also carefully controlled. 
The reference thermocouples were dipped in RTV silastic 
rubber to protect against corrosion. 
Thermocouple Number 1 (T.C. #1), which was mounted 
to the acetabular component and T.C. #2, which was mount- 
ed to the glass insert, were wired to a double pole, 
double throw knife switch, which was alternated at not 
less than five-second intervals so as to enable both 
thermocouple outputs to be plotted versus time with the 
same recorder.  Figure 19 shows a circuit diagram of this 
set-up.  The H.P. 7044A X-Y Plotter had a response time 
which was more than adequate for such a set-up.  A po- 
tentiometer was used to measure T.C. #3 and T.C. #4, but 
these thermocouples were removed after the check was 
made on uniform temperature of the glass insert. 
All thermocouples were calibrated by standard 
methods.  Ice point and steam point were computed for 
ambient temperature conditions.  Temperatures obtained 
from the thermocouples were accurate to within 0.5°P of 
these standards.  This was well within the limits of 
experimental error set for the tests. 
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■"\ 
PROCEDURE 
A. A Check on the Uniformity and Maintenance of the Inner 
Surface Temperature of the Glass Insert. 
Before any of the tests were performed, a check was 
made to determine (1) whether the temperature of the inner 
surface of the glass insert corresponded to body tem- 
perature and (2) what procedure was to be used to main- 
tain a fairly uniform temperature for a time period equal 
to that of a test (= 25 minutes).  A temperature versus 
time plot of T.C. #2, T.C. #3 and T.C. #4 (Figure 20) 
indicated that if the glass insert was put into the 
water bath (101°P) approximately five minutes before the 
test, the temperature of the insert at the point of T.C. 
#2 attained an equilibrium temperature of essentially 
99°F and lasted for a period of not less than 25 minutes. 
Although temperatures of T.C. #3 and T.C. #4 seem rather 
low, the average temperature of the Inner surface (95° to 
96°) probably approaches that of the surface temperature 
of the acetabulum which would be less than core body 
temperature.  The value of this temperature would depend 
upon ambient temperature conditions. 
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Test #1 - Temperature versus Time at the Simulated Bone- 
Cement Interface under Normal Surgical Condi- 
tions 
Test #1 was to act as a control against which the 
test involving the use of the precooled cup as a heat 
sink (Test #2) would be compared. 
Ambient temperature, relative humidity and water 
bath temperatures were noted before the start of each 
test.  The time of events was recorded from the time when 
the monomer first contacted the polymer.  The cement was 
mixed according to the standard mixing procedure which 
has already been described.  The gather up and insertion 
times were noted.  The cement disk was formed to the 
glass insert after approximately three and one-half min- 
utes.  The acetabular component was then placed in the 
cement and the crosshead with the inserter was lowered 
onto the acetabular component.  Excess cement was removed 
to the level of the metal positioning ring on the side of 
the socket, Figure 16.  Temperature versus time of T.C. 
#2  was plotted on the X-Y Recorder.  The cement samples 
obtained were sliced to obtain thickness measurements in 
the vicinity of the thermocouples. 
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Test #2 - Precooled Acetabular Component 
The procedure for Test #2 was exactly the same as 
that of Test #1 except that the acetabular component of 
Test #2 was precooled by emersion in liquid Np.  The 
acetabulum was allowed to attain equilibrium with the 
liquid nitrogen and then removed and placed on a large 
watch glass so as to heat up to (= - 120°F) by free con- 
vection with ambient air temperature.  Timing of the 
heating process, and control of ambient conditions in- 
cluding drafts and lighting, were critical in attaining 
repeatable initial acetabular temperatures.  A plot of 
the free convection heating of the HMWP insert. Figure 21, 
was used to predict the insertion times for the initial 
temperature used (= - 120°F).  Actual acetabular com- 
ponent insertion temperatures and times were noted. 
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RESULTS 
Test #1 
The results of Test #1 appear in Table 6 in order of 
increasing thickness and grouped in two sets.  The aver- 
age maximum temperature is 156°F and average time at 
which that maximum occurred is 6 minutes and 48 seconds 
for the first set which contains the first four trials, 
with thicknesses of (.22 to .28).  The average maximum 
temperature and average peak time for the second set 
which contains the last four trials with thicknesses of 
.29 to .34 are l62°F and 6 minutes and 44 seconds, re- 
spectively.  The overall average maximum temperature and 
average peak time for Test #1 (thicknesses ranging from 
.22 to .34) are l60°F and 6 minutes and 46 seconds. 
Test #2 
The results of Test #2  appear in Table 7 and are in 
order of increasing initial temperature of the acetabular 
component.  The overall average maximum temperature is i  . 
120°F and the average time at which that maximum occurred 
is 12 minutes and 24 seconds.  A comparison plot of tem- 
perature versus time of the simulated bone-cement inter- 
face (T.C. #2 in Test #1 and Test #2) appears in Figure 
22. 
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DISCUSSION 
If Test #1 is a good "control" against which Test #2 
is to be compared, it should have exactly the same con- 
ditions of all variables except for the one which is to 
be investigated.  Of course, exactly the same conditions 
will never be achieved, but in the case of this study, 
where our objective was "ball park figures," the fluctua- 
tion of the variables which do exist, are minor and unless 
otherwise specified, these variables can essentially be 
thought of as remaining constant.  As far as justifying 
setting our objective at "ball park" figures for tempera- 
tures and times, one must realize that a simulation of a 
living system in the laboratory ;vill always have some 
residual error. 
Table 6 shows fluctuation in thickness measurements 
near the thermocouple.  Slack in the bearings and elasti- 
city in the felt spacers of the glass insert caused these 
seemingly rather large fluctuations.  However, if the 
samples are grouped in three rows as in Figure 23»  with 
the first row representing set II of Test #1 (in reverse 
order), row two representing set II of Test #1, row three 
representing Test #2 ranges of thicknesses as presented 
in the results can be observed.  The cut-off point be- 
tween the two sets in Test #1 is rather arbitrary as seen 
by the similarity in thicknesses of samples 1-5, 1-4 and 
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2-4 in column A of Figure 23.  But justification of making 
some split in the samples of Test #1 can be seen by com- 
paring the thicknesses near the thermocouple of column A. 
Set 2 represents the best control set since its radial 
thicknesses are nearly uniform about the whole socket and 
are comparable to the thicknesses of Test #2.  However, 
the averages of the maximum temperatures in set 1 and set 
2 are very close (within 6°F).  The times at which these 
peak temperatures occur are also very close (within 4 
minutes).  This indicates that some other fluctuation in 
the heat of evolution of the polymer exists which is in- 
dependent of thickness changes.  It is likely this can be 
attributed to proprietary changes in chemistry of the 
cement, which are beyond control.  This justifies report- 
ing an average including both sets of Test #1.  Also note 
in Figure 24 that except for small ridges in the sample 
of Test #2  and a slight increase in thickness at point A 
- there is no difference in the geometry of the cement 
mass by using the simulated acetabular component with no 
ridges in Test #1 to the actual acetabular component with 
ridges in Test #2.  These increased thicknesses would 
cause differences on the conservative side of the results. 
The differences in the thermal properties of the two 
polyethelenes used are rather small and for all practical 
purposes, their thermal behavior can be considered the 
same. 
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One significant difference between the tests that 
were observed during data reduction is the fact that all 
of the trials done in Test #1 were done without air con- 
ditioning (ambient temperature == 78°F) and the trials in 
Test §2  were done with air-conditioning (ambient tempera- 
ture = 74°F).  This lowering of ambient temperature in 
Test #2  must have had some effect on the lowering of the 
temperature1.  According to data on the effect of ambient 
temperature on the setting properties of the cement [19], 
lowering at ambient temperature from 78°F to 7^0F should 
at the very most result in a 9°F lowering of the maximum 
temperature at the bone-cement interface.  The balance 
of the temperature reduction can be attributed solely to 
the effect of precooling the acetabulum. 
Precooling the socket should have a major effect on 
the strength of the bone-cement joint.  The major effect 
should be to reduce the amount of bone tissue destruction 
at the bone-cement interface.  Mechanical contact between 
cement and bone should be retained thereby increasing the 
strength of the joint at this interface and preventing 
loosening. 
The mechanical properties of the cement will probably 
change due to the decreased rate of polymerization.  The 
matrix of the cement should become weaker, since lowering 
the polymerization rate will lower the molecular weight 
thereby lowering the matrix strength.  But the granule to 
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matrix bond should be stronger due to the fact that the 
monomer has a longer time to seep into the granules and 
set up a stronger bond. The amount of porosity should 
decrease - but from examination of the samples with the 
naked eye, no significant change in porosity is indi- 
cated. Tests on the strength of cement cured under the 
conditions of this test should be performed. 
The lowering of the temperature may have an effect 
on the amount of monomer which is released into the body. 
As a precautionary measure, some tests on monomer leech- 
ing from the cement cured under these new conditions 
should be made. 
The precooling of the acetabular component may have 
some effect on its size during the insertion.  This may 
indicate a redesign of the inserter.  The precooling of 
the socket should not effect its shape permanently since 
the strains which develop due to thermal contraction are 
very small indeed.  However, tests on these effects 
should be performed to verify this. 
The precooling of the acetabular component will also 
effect the amount of cement that flows into the bone 
crevices during insertion.  Further study may warrant 
some change in the amount of pressure applied during in- 
sertion. 
The results indicate that a significant lowering in 
temperature of the bone-cement interface may be produced 
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by precooling the acetabulum.  By precooling the acetabu- 
lar component to - - 120°F at the time of insertion, an 
average temperature drop of 36°F occurs (based on a com- 
parison of set 1 Test #1 with Test #2).  The resulting 
temperature of the bone-cement interface (120°F) is well 
below the temperature at which irreversible protein damage 
occurs (133°P).  The setting time of the cement (< 13 
minutes) is well within the guidelines of our objective 
of 15 minutes.  The results justify doing in-vivo studies 
of this precooling method.  It is difficult to say how 
these factors will effect the overall strength of the 
cement. 
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CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER RESEARCH 
The results presented indicate that the temperature 
at the bone cement interface can be lowered by precooling 
the acetabular component of the total hip replacement. 
This lowering of temperature is sufficient to reduce the 
temperature of the bone such that no thermal damage will 
occur to the bone.  In-vivo studies may prove this to be 
a solution to the problem of late loosening of the ace- 
tabular component. 
Further research is needed to evaluate the effect 
of precooling the acetabular '.component on (1) the mechani- 
cal properties of the cement, (2) the monomer loss during 
curing of the cement and (3) the rheological properties 
of the cement during insertion. 
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TABLE 1 - INDICATIONS FOR USE OF THE TOTAL HIP 
REPLACEMENT [2] 
Indication 
I. Osteoarthritis 
Description 
Usually both hips (bilateral) 
are painful and stiff.  Bone 
is of good quality. 
2. Rheumatoid 
Arthritis 
Bone is osteoporotic and soft. 
Inflammation of synovial mem- 
branes and articular structure 
3. Ankylosing 
Spondylitis 
Poor posture and pain during 
movement. 
4. Protrusio 
Acetabulae 
Lipping of the acetabular edges, 
or sinking in of floor of ace- 
tuculum.  Limiting movement of 
the hip. 
5. Aseptic Necrosis Inadequate blood supply of bone 
6. Fracture Dislocation Severe fracture combined with 
dislocation that can be treated 
by no other method. 
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TABLE 2 - THE MECHANICAL PROPERTIES OF BONE [36][30] 
Young's Modulus 
Cortical Bone 2 x 10 psi 
V. 5 
Cancellous Bone = 10 psi 
Strength 
Compressive 
Cortical Bone 20,000 psi 
Cancellous Bone ' 500-1000 psi 
Tensile 
Cortical 18,000 psi 
Fracture Toughness 
Cortical Bone 550 J^-3/2 
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TABLE 3 - THE MECHANICAL PROPERTIES OF 
ACRYLIC BONE CEMENT 
Young's Modulus       * 3-4 x 105 psi [37][30] 
Strength 
Compressive - 10,000 psi [37] 
Ultimate Tensile * 4,000 psi [37] 
Fracture Toughness = 1400 i^-q/p [30] I n"3/2 
56 
TABLE 4 - COMMERCIALLY AVAILABLE CEMENTS 
Name of Cement Use Manufacturer 
Aneuroplastic Reinforcement of 
Aneurysms 
L.D. CAULK CO. 
Div. of DENTSPLY 
Int. Inc. 
Milford, Delaware 
C.M.W. Cement Orthopedic 
Surgery 
C.M.W. Laborator- 
ies Ltd. 
Blackpool, 
Lancaster,England 
Coe Tray Cement Dental 
Applications 
Coe Laboratories 
Chicago, Illinois 
Palacos Cement Orthopedic 
Surgery 
Pa. Kulzer & Co. 
Bad Homburg v.d. 
Hohe 
Simplex P Orthopedic 
Surgery 
North Hill Plas- 
tics, Ltd. 
40 Grayland Rd. 
London, Wl6, 
England 
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TABLE 5 - THERMAL CONDUCTIVITY AND SPECIFIC HEAT 
OF BONE AND MATERIALS INVOLVED IN TESTS 
MATERIAL THERMAL CONDUCTIVITY SPECIFIC HEAT 
Cortical Bone Wet 0.9 x 10  cal   (38)  0.3 cal (42)(43) 
cm"sec c 
1.14 x 10~3cal (39) 
—=- o ' 
cm sec c 
.(40) 1.25 x 10~3cal 
.o 
g c 
cm sec c 
5.45 x 10 cal   (41) 
cm sec c 
8.5 x 10 cal    (42) 
cm"sec c 
Dry 1.45 x 10~3cal   (41)  0.3 cal (42) 
cm'sec c 
o 
g c 
Cancellous Bone Wet 0.7 x 10 cal_        (44)  0.73 cal (44) 
cm'sec c o 
g" c 
Water @37°C 1.46 x 10  cal^  £45)  0.997 cal (45) 
cm sec c o 
g" c 
Borosilicate Glass 2.6 x 10   cal  £45) 
cm'sec c 
Plexiglass 0.4 x 10   cal^  £46)  0.35 cal_ (46) 
cm sec c 
,-3 8.5 x 10   cal  £42) 
cm sec c 
o 
g' e 
Polyethelene RCH1000 1.0 x 10~3 cal^  £47)  0.44 cal_ (47) 
cm'sec c o 
g* c 
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TABLE 6 - RESULTS OP TEST #1 
Air Temp.   78°F 
Relative  Humidity  60$ 
Sample 
Number 
Thickness 
(inches) 
Maximum Temperature  (°F) 
of Simulated Bone-Cement 
Interface 
Time(Minutes:Sec) 
to Maximum 
Temperature 
Set   #1   (Row  2   of Figi are ) 
1-1 0.22 151 7:05 
1-2 0.24 166 6:20 
1-3 0.25 158 7:05 
1-4 0.28 156 6:42 
Averages 
for Set#l 0.25 156 6:48 
Set   #2   (Row  1  of Fig lire ) 
1-5 0.29 158 6:50 
1-6 0.30 162 6:13 
1-7 0.32 163 6:5.8 
1-8 0.34 163 
162 
6:55 
Averages 
for  Set#2 0.31 6:44 
Averages 
for 
Test   #1 0.28 160 6:46 
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TABLE 7 - RESULTS OF TEST #2 
Air  Temp.   74°F 
Rel.   Humidity   50$ 
Sample          Thickness 
Number 
Maximum Temperature  (°F) 
of Simulated Bone-Cement 
Interface 
114 
Time(Minutes:Sec) 
to Maximum 
Temperature 
2-1 0.25 14:15 
2-2 0.23 122 12:30 
2-3 0.23 123 13:10 
2-4 0.24 .123 10:20 
2-5 0.25 117 11:40 
■2-6 0.23 124 12:30 
Averages 
for Test 
#2 
0.24 120 12:24 
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FIGURE 1.       THE HUMAN HIP JOINT 
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FIGURE 2.    THE TOTAL HIP REPLACEMENT 
( CHARNLEY-MULLER DESIGN) 
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FIGURE 3.     X- RAY OF A CHARNLEY-MULLER 
TOTAL HIP REPLACEMENT 
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THE STRENGTH OF THE BOND 
BETWEEN CEMENT AND BONE 
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FIGURE 13.      DIAGRAM  OF TEST SET UP 
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FIGURE 14.    GLASS INSERT 
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FIGURE 15.    GLASS INSERT DIMENSIONS 
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FIGURE 16.   HMWP ACETABULAR COMPONENT 
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FIGURE 17.    SIMULATED INSERTER 
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FIGURE 18.      POSITION OF THERMOCOUPLES 
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